Photovoltaic wastewater contains a large amount of thiourea that cannot be directly treated by biological methods because of its biotoxicity. In this study, a novel O 3 /H 2 O 2 + BiPO 4 /UV synergy technique was used as a pre-treatment process to degrade thiourea. The effects of H 2 O 2 and catalyst loading were investigated, and the transformation pathway of thiourea was predicted based on the intermediates detected by UPLC- 
Introduction
Thiourea is widely used in numerous industries, [1] [2] [3] [4] especially in the photovoltaic industry. It is used in chemical bath deposition to produce CdS polycrystalline lms for thin-lm solar cells. 5 Hence, wastewater from photovoltaic plants contains a large amount of redundant thiourea. It degrades slowly in the natural environment and has serious effects on human health. [6] [7] [8] Due to the biological toxicity of thiourea, 9 it cannot be treated directly by biological methods. Advanced oxidation processes (AOPs) can be an alternative method for the pre-treatment of photovoltaic wastewater containing high concentration of thiourea, transforming thiourea into other substances without biotoxicity.
Considering that photovoltaic wastewater contains high concentrations of organic matter and salts, the process we use cannot further introduce excess salt as it will be overdischarged. An O 3 /H 2 O 2 Fenton-like process was selected as it generates extraordinarily reactive hydroxyl radicals ($OH) by the reaction of ozone and hydrogen peroxide without salt introduction. These radicals subsequently attack and decompose contaminants in the water, and the process is usually effective, simple, environment-friendly and economically sustainable. The O 3 /H 2 O 2 method enables rapid degradation of various recalcitrant organic compounds such as peruorinated chemicals, dibutylsulde, dimethyl sulfoxide, phenol and linear alkyl benzene.
10-14 However, using H 2 O 2 alone in the O 3 /H 2 O 2 process is not sufficient as excess H 2 O 2 residues not only affect the degradation efficiency but also increase COD of the water sample and affect the post-treatment process. 15 Some studies have improved the utilization efficiency of H 2 O 2 residues by employing photo-irradiation. 16 Nevertheless, $OH generated by UV or O 3 /H 2 O 2 is inferior in organic mineralization as $OH tends to abstract hydrogen from C-H bonds or add hydrogen to unsaturated carbon-sulfur bonds; if these bonds are not present (e.g., oxalic acid, which is one of the intermediates in the degradation of phenol 17 ), the oxidation ability of $OH will be limited. A photocatalyst, namely, bismuth phosphate (BiPO 4 ) is considered an alternative as it can generate holes, which enhance the mineralization efficiency. It has been proven to be an efficient catalyst and has an optical indirect band gap of 3.85 eV. The photocatalytic activity of BiPO 4 is twice that of titanium dioxide (TiO 2 P25, Degussa).
18
BiPO 4 possesses excellent photocatalytic activity due to the inductive effect of PO 4 3À since it can separate electrons and holes. BiPO 4 has been applied for the removal of dyes 18 and phenols.
19 BiPO 4 not only improves the mineralization efficiency but also has a synergistic effect with H 2 O 2 . In a previous study, BiPO 4 
Material and methods

Solution preparation
Synthetic solutions were prepared using 18.2 MU cm Milli-Q deionized water. All the reagents used were of analytical grade. Thiourea was supplied by Aladdin (USA), ammonium chloride by Sinopharm Chemical reagent Co., Ltd. (China) and hydrogen peroxide (30% w/v) by Macklin (USA). For residual H 2 O 2 test, potassium titanyl oxalate was purchased from Macklin (USA). Thiourea (1.2 g) and ammonium chloride (0.535 g) (as the source of ammonium nitrogen) were added into 1 L of deionized distilled water to simulate photovoltaic wastewater.
Preparation of BiPO 4
BiPO 4 nanorods were prepared via the reux method. 21 In short, 1.956 g of Bi(NO 3 ) 3 $5H 2 O (AR, Macklin) and 3.145 g of NaH 2 -PO 4 $2H 2 O (AR, Macklin) were added into a ask, followed by mixing with at least 750 mL of deionized water. Aer the pH was adjusted to 2.2 with concentrated nitric acid (Sinopharm Chemical reagent Co., Ltd.), the ask was placed in an oil bath (120 C) and mixing was conducted at 800 rpm, followed by heating for 48 hours. The resultant white precipitate was washed three times with deionized water and dried at 120 C for 12 hours.
2.3 Experimental set-up and procedure 2.3.1 Experimental set-up. A self-designed experimental setup was employed in this study, as shown in Fig. 1 (Fig. 1) . The optimum conditions for maximizing the TOC residues and specifying the hydrogen peroxide residues of O 3 / H 2 O 2 treatment were determined by means of a three-factor three-level Box-Behnken experimental design (BBD) combined with the response surface methodology (RSM) to correlate experimentally obtained criteria and experimental conditions given by the Box-Behnken experimental design. The independent variables were the initial concentrations of H 2 O 2 (X 1 ) and O 3 (X 2 ) and the initial pH (X 3 ), which were coded as À1, 0 and +1, as shown in Table 1 .
The total number of experimental trials was 17 based on a three level and a three factor experimental design with three replicates at the centre of the design to estimate a pure error sum of squares. TOC residues, H 2 O 2 residues and the 'pseudo'-second order rate constant were considered as dependent factors (process responses A water sample (3 mL) was taken every 30 minutes from the reactor in each experiment mentioned above to analyse the TOC concentration and H 2 O 2 residues. Moreover, three replicates were made for each analytical measurement.
Analytical methods
The concentration of thiourea was analyzed by a HPLC system (Agilent 6120B, USA) equipped with a multi-wavelength UV detector (ESI, Text S1 †). TOC was monitored with a Multi N/C 3100 TOC/TN analyzer. H 2 O 2 was measured by a spectrophotometric method 22 using a HACH DR6000 UV-vis spectrophotometer. Ammonium nitrogen was determined by salicylic acid spectrophotometry (HJ 536-2009 in China). Nitrate nitrogen, sulfate and chloridion were determined by ion chromatography (Metrohm 820 IC). The morphology and the structure of the BiPO 4 photocatalyst were examined with a scanning electron microscope (SEM) and powder X-ray diffraction (XRD). The Brunauer Emmett Teller (BET) specic surface area and the pore size distribution of the BiPO 4 photocatalyst were characterized by nitrogen adsorption at 77 K with Micromeritics 3020. The degradation by-products of thiourea were analysed via high resolution mass spectrometry analysis carried out on Water IClass Acquity UPLC (Waters, UK) coupled with Vion IMS QToF (Waters, UK) (ESI, Text S2 †).
Results and discussion
Experimental design and condition selection
The Box-Behnken statistical experiment design was employed to investigate the effects of three independent variables on the TOC and H 2 O 2 residues as response functions. Table 2 depicts the three-factor three-level Box-Behnken experimental design and the observed and predicted values for the TOC and H 2 O 2 residues by the developed quadratic model.
As mentioned before, RSM was used to estimate the parameters, indicating an empirical relationship between the input variables and the response, as shown in eqn (1) and (2). The quadratic model equation for predicting the response function (TOC, H 2 O 2 residues) could be expressed by the following second-order polynomial equation in terms of the coded factors: 
Here, Y and Z are the predicted responses for TOC and H 2 O 2 residues, and X 1 , X 2 and X 3 are the independent variables.
The statistical signicance of the second-order polynomial model to predict the TOC and H 2 O 2 residues was tested by the analysis of variance (ANOVA). The results of ANOVA are presented in Table S1 and Table S2 (ESI, Table S1 and S2 †). The signicance of each coefficient in eqn (1) and (2) was determined by the Fisher's F-test and the values of probability were greater than F.
A small probability value (p <0.0001) indicated that the model was highly signicant. The goodness of t of the model was validated by the determination coefficient (R 2 ). In this case, R 2 values were 0.99758 and 0.874188, which showed high signicance of the model. Also, the adequate precision greater than 4 (54.69 and 8.84 in this case) showed that the model could be used to navigate the design space dened by BBD. Adequate precision is a measure of the range in the predicted response relative to its associated error. The normality of data can be checked through the high correlation between observed and predicted data shown in Fig. S3 (ESI, Fig. S3 †) , which indicates their low discrepancies.
To study the interaction effects between the variables (initial concentration of polymer, initial concentration of H 2 O 2 , pH and recirculation rate), the 3D response surface and 2D contour curves based on the quadratic model were plotted, as shown in Fig. 2(a-f) .
As illustrated in Fig. 2 3 . The more the $OH, the higher the mineralization efficiency. Also, it can be seen that minimum TOC is achieved at pH of 7. In alkaline solutions, the dissociated form of hydrogen peroxide (HO 2 À ) reacts with $OH more than 2 orders of magnitude faster than hydrogen peroxide.
23 Therefore, the oxidation efficiency decreases as $OH species are consumed. However, in acidic solutions, thiourea is stable and relatively hard to be mineralized. As for the amount of H 2 O 2 residues, data are illustrated from Fig. 2(d)-(f) . The initial H 2 O 2 dosage is the main factor that inuences the amount of H 2 O 2 residues; however, the inuence of pH and O 3 concentration is much less pronounced than that of the initial H 2 O 2 dosage. This is also conrmed in Table S2 , † which shows the signicance of the factors and their interaction.
To 
Comparison of mineralization efficiencies among different treatment processes
In this study, degradation efficiencies were compared among different treatment processes. As observed in Fig. 3 Table 3 shows various experimental parameters. Under these treatment conditions, we compared the TOC removal rates between BiPO 4 /UV and UV aer the treatment of O 3 /H 2 O 2 . concentrations, which conformed to pseudo rst order reaction kinetics (eqn (6)):
Here, k 0 is the reaction kinetic constant, c is the intercept, 
Here, k p and k j are the coefficients of the 
1.5 g L À1 of BiPO 4 were loaded in the post-treatment process.
We used TOC removal to show the treatment effect and used the ratio between the TOC removal and the BiPO 4 loading to show the catalyst efficiency. As shown in Fig. 8 
Mineralization mechanism of thiourea
To elucidate the degradation pathways of thiourea by the O 3 / H 2 O 2 + BiPO 4 /UV synergy technique, the reaction intermediates were detected by UPLC-IM-QTOF-MS (ESI, Fig. S4 †) Based on the analytical intermediates mentioned above, the transformation pathway of thiourea by the O 3 /H 2 O 2 + BiPO 4 /UV synergy technique is illustrated in Fig. 9 . The rst step of the O 3 / H 2 O 2 treatment mainly contributed to thiourea degradation by hydroxyl radicals together with direct oxidation by hydrogen peroxide and ozone. Thiourea was converted to thiourea dioxide and melamine. We predicted that with further oxidation of hydroxyl radicals, an unstable intermediate was generated and polymerized into melamine immediately.
The mechanism of hydroxyl radicals' oxidation mainly occurred via the following two steps: rst, the addition to unsaturated carbon; second, hydrogen abstraction from saturated carbon. 34, 35 According to this, hydroxyl radicals were weak in melamine mineralization. However, the treatment of BiPO 4 / UV aer O 3 /H 2 O 2 not only increased the amount of hydroxyl 
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